Despite inducing strong T cell responses, Mycobacterium tuberculosis (Mtb) infection fails to elicit protective immune memory. As such latently infected or successfully treated Tuberculosis (TB) patients are not protected against recurrent disease. Here, using a mouse model of aerosol Mtb infection, we show that memory immunity to H56/CAF01 subunit vaccination conferred sustained protection in contrast to the transient natural immunity conferred by Mtb infection. Loss of protection to re-infection in natural Mtb memory was temporally linked to an accelerated differentiation of ESAT-6-and to a lesser extent, Ag85B-specific CD4 T cells in both the lung parenchyma and vasculature. This phenotype was characterized by high KLRG1 expression and low, dual production of IFN-γ and TNF. In contrast, H56/CAF01 vaccination elicited cells that expressed low levels of KLRG1 with copious expression of IL-2 and IL-17A. Co-adoptive transfer studies revealed that H56/CAF01 induced memory CD4 T cells efficiently homed into the lung parenchyma of mice chronically infected with Mtb. In comparison, natural Mtb infection-and BCG vaccine-induced memory CD4 T cells exhibited a poor ability to home into the lung parenchyma. These studies suggest that impaired lung migratory capacity is an inherent trait of the terminally differentiated memory responses primed by mycobacteria/mycobacterial vectors.
Introduction
CD4 T cells play a central role for protective immunity against tuberculosis (TB) as underscored by several human studies and animal models of TB (Caruso et al., 1999; Green et al., 2013; Lawn et al., 2009) . Although the precise nature and full spectrum of effectors by which CD4 T cells mediate protection remains elusive (Gallegos et al., 2011; Orme et al., 2015; Sakai et al., 2016) , CD4 T cell derived IFN-γ stands out as a key cytokine essential for protection against Mycobacterium tuberculosis (Mtb) infection (Green et al., 2013) . Nevertheless, boosting the Ag-specific IFN-γ response is not sufficient to confer protection against TB, as highlighted by the recent failure of the MVA85A efficacy trial, which failed to enhance protection beyond BCG despite its immunogenicity (Tameris et al., 2013) . Furthermore, there is increasing evidence that high levels of IFN-γ may even be detrimental in some circumstances (Kagina et al., 2010; Leal et al., 2001; Sakai et al., 2016) . These insights have further fueled the search for better correlates of protection, and risk in humans (Berry et al., 2010; Fletcher et al., 2016; Petruccioli et al., 2016; Zak et al., 2016) as well as studies in animal models aiming to unravel the precise nature of a protective T cell response to Mtb infection (Moguche et al., 2015; Orme et al., 2015; Reiley et al., 2010; Sakai et al., 2014; Torrado et al., 2015) . A number of recent studies in the mouse model have made it clear that protective responses are connected to Mtb-specific CD4 T cells that have the ability to migrate into the lung parenchyma (Moguche et al., 2015; Sakai et al., 2014; Woodworth et al., 2016) where they can make cognate interactions with the infected macrophages (Srivastava & Ernst, 2013) . These studies also demonstrate that Mtb infections in mice drive disparate populations of CD4 T cells that differ in their anatomical localization within the lung. One population is confined to the lung vasculature, whereas the other can be found within the parenchyma. The intravascular subset is comprised of CD4 T cells skewed towards terminal differentiation characterized by high expression of the transcription factor T-bet, the inhibitory receptor KLRG1 and the fractalkine receptor CX3CR1. These cells have a limited capacity to mediate control of Mtb infection, but produce significant amounts of Th1 related cytokines like IFN-γ and TNF. In contrast, Mtb-specific CD4 T cells in the lung parenchyma represent cells with a much lower differentiation status characterized by expression of the transcription factor Bcl-6, the inhibitory receptor PD-1, the co-stimulatory molecule ICOS and the chemokine receptor CXCR3. These cells produce lower levels of the Th1 effector cytokines but produce relatively higher amounts of IL-2 and mediate superior protection than their intravascular counterparts (Moguche et al., 2015; Sakai et al., 2014; Torrado et al., 2015) . These findings mirror data gained within the field of the cellular therapy of cancer, where central memory T cells play a crucial role for immune protection (Crompton et al., 2015; Klebanoff et al., 2005) . Here, experiments employing adoptive cells therapy (ACT) have shown improved persistence of T CM over T Eff and revealed that efficient migration into tumor target tissue (deep lesional tumor infiltration) is a particular asset of T cells with a low degree of differentiation and associated with improved prognosis (Busch et al., 2016; Crompton et al., 2015; Sackstein et al., 2017) .
The novel insights into the importance of T cell attributes during Mtb infections are all derived from mice with fulminant infections, which do not cover the full spectrum of disease manifestation in humans and in particular may differ from low-grade infections or situations that mimic latency. Humans latently infected or successfully treated for active TB are often not protected against relapse (Bryant et al., 2013; Guerra-Assuncao et al., 2015; Luzze et al., 2013) or re-infection (De Boer & Van Soolingen, 2000; Verver et al., 2005) , even in the face of an initial strong Mtb-specific Th1 effector and memory response (Cardoso et al., 2002; Joosten et al., 2016; Lindestam Arlehamn et al., 2013; Scriba et al., 2017) . The dissection of this conundrum is essential to understand the essence of natural immunity as well as learn from its potential shortcomings. A number of murine models of post-primary Mtb (Henao-Tamayo et al., 2012; Jung et al., 2005; Kamath & Behar, 2005; Mollenkopf et al., 2004) have addressed memory responses and the protection provided against secondary infections. These models differ in terms of infection route, extent and administration of chemotherapy, length of resting period prior to secondary infection as well as duration of the primary infection. Despite these differences, a common denominator seems to be that natural memory does indeed provide significant albeit short lived protection (Henao-Tamayo et al., 2012) . Although secondary responses are anamnestic in nature (Kamath & Behar, 2005) , they do not appear to differ qualitatively relative to primary responses and their protective benefit is primarily based on the accelerated nature of the response (Jung et al., 2005) . One of our early studies showed that the protection achieved against a short-term 4 week challenge was mediated primarily by less-differentiated, Mtb-specific T CMlike CD4 T cells (Andersen & Smedegaard, 2000) . In light of the recent insights on T cell differentiation status and lung localization, we wanted to address the stability of CD4 T cell differentiation state long-term after priming by Mtb infection compared to subunit vaccination with H56/CAF01. Additionally we wanted to evaluate the extent to which this differentiation stability impacted lung homing capacity and ability to mediate sustained protection against Mtb challenge.
Materials and Methods

Mice
Age and sex matched C57BL/6 mice and CB6F1 mice (Envigo; Netherlands) were housed in BSL-3 facilities at Statens Serum Institut and acclimatized for 1 week prior to experimentation. All experimental procedures were approved by the local ethical committee and conduct- BoyJ) were purchased from Jackson laboratories (Bar Harbor, ME). Mice were bred and maintained under specific pathogen-free conditions at the Center for Infectious Disease Research Institute (CIDR) and experimental procedures involving animals were approved by the IACUC.
Immunizations/Generation of Mtb Immune Memory Mice
H56 memory mice were generated by subcutaneous (s.c.) injection of respective mice at the base of the tail with three bi-weekly doses of 5 μg recombinant H56 in CAF01 (DDA/TDB; 250/50 μg dose) in a total volume of 200 μl. Mtb memory mice were established using a method described by Henao-Tamayo et al. (Henao-Tamayo et al., 2012) . Briefly, mice were infected with low dose (100 cfu) aerosol Mtb Erdman strain (TMC107, ATCC) using a Biaera Aero MP aerosol system. Starting at 6 weeks post-infection mice were treated for 12 weeks with Isoniacid/ Rifabutin (INH/RIF) treatment administered through the drinking water as previously described (Hoang et al., 2013) . BCG immunization was achieved by a single s.c. dose of 1 × 10 6 BCG Pasteur administered in a volume of 200 μl.
Mtb-Infection and CFU Enumeration
Primary infection and/or aerosol challenge of memory mice was performed using a Biaera exposure system controlled via AeroMP software. Virulent M. tuberculosis Erdman (TMC 107, ATCC) or H37Rv was grown to log-phase in Sauton medium (BD Pharmingen) enriched with 0.5% sodium pyruvate, 0.5% glucose, and 0.2% Tween 80. The log-phase bacteria was aliquoted and stored at −80°C. At the day of infection, the bacteria were thawed and sonicated for 5 min to remove clumps. Additional clumps were removed by dispersing bacteria through a syringe. After washing, the bacteria were diluted to 0.5 × 10 6 CFU/ml in 1× PBS. The inoculum was aerosolized for inhalation in the Biaera Aero MP aerosol system calibrated to deliver an average dose of 50-100 CFU/mice. Infection dose was confirmed by sacrificing a cohort of 2 mice immediately after aerosol infection, homogenizing the whole lungs and plating in Middlebrook 7h11 plates for bacterial growth. Post infection, treatment or immunization, lung bacterial burdens were determined in left lung lobes from individual mice. Lungs were homogenized using M-tubes and Miltenyi AutoMACS Dissociator (Miltenyi, Germany). Homogenates were serially diluted in 1× PBS and plated onto Middlebrook 7H11 agar plates. The plates were dried to remove excessive liquid and moisture and incubated at 37°C for~3 weeks before CFU enumeration. Similar to what has been reported in the literature (Rosenthal et al., 2012; Scanga et al., 1999) , a small fraction of mice cleared from Mtb infection by 12 weeks INH/RIF treatment experienced regrowth starting approximately 3 months after end of treatment (EoT). However this relapse rate remained relatively stable (~15%) when Mtb memory mice were followed up until almost 1½ year after EoT (Supplementary  Table 1) . We assured that all mice included in the phenotypic characterization were culture-negative (detection limit b10 CFU/lungs) throughout the 6 months resting period (week 40) by control plating serial dilutions of lung homogenates of left lung lobes from all mice included in the characterization.
In Vivo Intravascular Labeling of T Cells
At day of experiment, mice were injected intravenously with phycoerythryn (PE), Allophycocyanin (APC) or Fluorescein isothiocynate (FITC) labeled antibodies. 1-2 μg of antibody was used per mouse in a total volume of 200 μl. Some of the antibodies used for intravascular labeling were against CD45.2, CD90.2, or CD4. For antibodies against CD4, clone RM4-4 that does not block the other clones (RM4-5 and Gk1.1) was used. All the antibodies were purchased from Biolegend, San Diego, CA. Three minutes after antibody injection, mice were euthanized and lung single cell suspensions prepared as described below.
Preparation of Single Cell Suspensions
Lungs aseptically removed from euthanized mice and were left unperfused in cases, where the in vivo intravascular labeling technique was employed (Figs. 2-6 ). In remaining cases, where iv-labeling was not used (Supplementary Figs. 1-3) , isolated lungs were perfused-with cold RPMI prior to being processed. Isolated lungs were transferred into Miltenyi C tubes containing HEPES/RPMI buffer supplemented with Collagenase (Roche/Sigma) and eventually 10 U/ml of DNAse (Sigma). The lungs were subsequently homogenized and digested for 30-45 min at 37°C and passed through cell strainers (BD Biosciences). After washing, the cells were re-suspended RPMI media containing 5% FBS and stored on ice until use. Spleen and lymph nodes were kept at 4°C until being directly processed through cell strainers followed by two washes in media. After last wash, cells were stained directly for MHC II tetramers and surface markers or stimulated for ICS analysis. , and anti-CX3CR1-PE (Goat IgG, R&D Systems). Dead cells were excluded using the fixable viability dye eF780 (eBioscience). After staining, cells were analyzed using the BD LSRFortessa flowcytometer. All gate boundaries for cell surface markers were based on fluorescence-minus-one controls (FMOs) and subsequent flow cytometry analysis performed using FlowJo software v.X (Tree Star, Ashland, OR, USA). An overview of gating strategy is depicted in Supplementary Fig. 4 .
Enrichment of Tetramer and or Low Frequency Donor Cells
In the spleens, lymph nodes and lungs (when too few cells were expected) when required, MHC II tetramer + cells and or donor cells were enriched according to the protocol described by Moon et al. (Moon et al., 2007) . In brief, single cell suspensions from spleens or lungs were stained with fluorochrome conjugated tetramers and or respective congenic marker as described above. After staining the cells were washed and re-suspended in FACS buffer followed by addition antifluorochrome magnetic microbeads (Miltenyi Biotech) and incubated at 4°C for 30 min. Some of the anti-magnetic beads used were anti-PE, anti-APC and anti-FITC. After washing, tetramer and/or congenic marker binding cells were enriched over an LS column (Miltenyi Biotech) as per manufacturer's instructions. Positive tetramer binding cells were collected and eluted after removal of the magnet and were subsequently stained for cell surface markers as described above and analyzed by flow cytometry. Gating strategy for the Mtb:H56 coadoptive transfer studies is depicted in Supplementary Fig. 5 .
In Vitro Stimulation and Intracellular Cytokine Staining
Intracellular staining was done as previously described (Lindenstrøm et al., 2013) . Briefly, 1-2 × 10 6 cells were stimulated in vitro in V-bottom 96-well plates at 37°C in RPM1 with 10% FBS and 10 μg/ml Brefeldin A. The cells were stimulated with 2 μg/ml ESAT-6 1-15 peptide, 1 μg/ml anti-CD28 (clone 37.51) or anti-CD49d (clone 9C10-MFR4.B) for 5-6 h. Cells were washed with FACS buffer (PBS containing 0.1% sodium azide and 1% FCS) followed by staining with surface antibodies as necessary. 
Adoptive Transfer Experiments
For co-adoptive transfer of H56 and Mtb memory CD4 T cells into chronically infected recipients, donor CD4 T cells were isolated by negative selection using the EasySep mouse CD4 T cell enrichment kit (Stemcell Technologies). CD4 T cells were isolated to 93-95% purity from spleens and draining lymph nodes (tracheobronchial (Mtb) and inguinal (H56), respectively) taken from resting H56 and Mtb memory mice at week 49-50 post immunization/chemo. Prior to donor cell harvest, Mtb memory mice were put on an additional INH/RIF treatment period 10 weeks to assure that none of them had experienced relapse. Purified memory CD4 T cells were pooled from 10 donors within each group of memory mice. For tracking, respective congenic markers were used or cells were differentially stained for 8-10 min with 10 μM Cell Proliferation Dye eFluor450 (H56 memory cells) and 5 μM Cell Proliferation Dye eFluor670 (Mtb memory cells). The proliferation dyes were quenched with 1xPBS containing 20% FBS followed by washing and re-suspension in 1xPBS. The cells were mixed in a~1:1 ratio and co-adoptively transferred into the same recipient mice (the equivalent of one of each donor mice/each recipient mice) infected with Mtb for 34 weeks prior. Subsequent analysis of the mixed donor-cells revealed that the actual ratio of I-A b :ESAT-6-specific CD4 T cells transferred was 1.67:1 H56 to Mtb memory cells with b3% dead cells (corresponding to 63% H56 & 37% Mtb memory; see Supplementary Fig. 5A ). H56 memory comparison with BCG memory was done by transfer into recipient mice infected with Mtb for~10 weeks. 18-20 hour post transfer, recipient mice were injected with respective antibodies for intravascular labeling and single cell suspensions from the lung prepared as described above.
Statistical Analysis
Prism software (v.7 GraphPad, San Diego, CA) was used to perform all statistical analyses. CFU data and numbers of ESAT-6 Tet + cells were log-transformed to normalize variance before analysis. Statistical significance was determined with either One-way ANOVA with Tukey's multiple comparison test or Two-way ANOVA with appropriate post hoc tests. t-test was used for simple comparisons between two groups. Statistical methods and results are described in the figure legends. Number of experimental repeats and number of mice are likewise stated in each figure legend.
Results
ESAT-6-specific CD4 T Cells Primed by Mtb Infection Are more Differentiated than those Primed by H56/CAF01
In order to study the natural CD4 T cell memory response to Mtb without the influence of ongoing bacterial replication and high antigen load, we employed a mouse model of latent Mtb infection that results in uncultivable bacteria (Henao-Tamayo et al., 2012) . Following INH/RIF treatment bacterial loads declined precipitously and by the end of the treatment regimen and up to 72 weeks post treatment, no bacteria was detected in the majority of infected mice. We also monitored the number and phenotype of ESAT-6-specific CD4 T cells for~40 weeks, covering a period prior to, during and after treatment. All mice included in the phenotypic characterization during the post-treatment period were culture-negative (detection limit b10 CFU/lungs). The infection/ treatment schedule was aligned to H56/CAF01 vaccinations by comparing Mtb memory responses at end of treatment (EoT/week 12) with H56 vaccine-promoted memory responses at 12 weeks post last immunization (Fig. 1A) . In order to provide time for full memory transition and study long-term memory, CD4 T cell responses in both Mtb treated and H56/CAF01 vaccinated mice were followed for at least 40 weeks (Fig. 1A) . In the Mtb treated mice, bacterial clearance led to a steady contraction of ESAT-6-specific CD4 T cells in the spleen when enumerated using ESAT-6 4-17 : I-A b tetramers coupled with magnetic enrichment. From week 12 onwards, a similar contraction of ESAT-6-specific CD4 T cells was found in the spleen of H56 vaccinated mice. Indeed, the number of memory ESAT-6-specific CD4 T cells in the spleen of Mtb treated mice was equivalent to those of H56 vaccinated mice at week 40 (P N 0.05) (Fig. 1B) . Despite the absence of cultivable bacteria as well as a significant resolution of inflammation by week 12/EoT, we found that a large fraction of ESAT-6 4-17 :I-A b specific CD4 T cells in the spleen expressed KLRG1 with some cells also expressing PD-1 or ICOS; either alone or in conjunction with KLRG1. This was in contrast to ESAT-6 memory cells in the spleen of H56 memory mice, of which the vast majority of cells expressed PD-1 and ICOS with a complete absence of KLRG1 expression (Fig. 1C) . At week 40 after treatment start, memory CD4 T cells in the spleens had reached a more quiescent state with low levels of PD-1 and ICOS expression and substantial expression of CXCR3 in both H56 and Mtb treated memory mice (Fig. 1C) . A population of KLRG1 expressing ESAT-6-specific cells was still detectable in the spleen of Mtb memory mice at week 40 (Fig. 1C) . The contraction and progression to memory phenotype was also reflected in the lungs of Mtb infected and treated mice, where the largest contraction of ESAT-6 specific cells occurred during the first 6 weeks of chemotherapy and with a clear population of KLRG1 expressing cells remaining at week 40 (Supplementary Fig. 1 ). Overall, Mtb primed memory responses therefore remained more differentiated than after H56/CAF01 imprinting ( Fig. 1C & Supplementary Fig. 2 ).
Mtb Memory Provides Early but Transient Protection to Infection
We next evaluated protection against Mtb challenge in H56/CAF01 vaccinated and in Mtb treated mice rested~½ year after EoT. Memory mice (H56 and Mtb) plus age-matched uninfected controls were exposed to an aerosol infection and protective efficacy evaluated for 20-weeks. At 2 weeks post challenge, both sets of memory mice harbored significantly lower bacterial burdens in the lung (~1 Log 10 , P b 0.01) Fig. 1 . Resting memory cells after a cleared Mycobacterium tuberculosis infection show a higher degree of differentiation than memory cells primed by H56/CAF01 vaccination. A) Schematic overview of the experimental outline. C57BL/6 mice, aerosol infected for 6 weeks, were subjected to a 12 week Isoniacid/Rifabutin (INH/RIF) treatment. ESAT-6 specific memory cells in the spleen were phenotypically characterized at week 12/End of Treatment (EoT) by ESAT-6 4-17 :I-A b pulldown using magnetic bead-based tetramer enrichment and compared to E6 memory responses 12 week post three s.c. immunizations with H56/CAF01, each spaced by two weeks. ESAT-6 specific memory cells in the spleen were similarly characterized and compared between the two groups of resting memory mice at week 40 after immunization/start of treatment. In order to study protective efficacy, H56 and Mtb memory mice were allowed to rest for half a year and then aerosol infected with Mtb Erdman. Protective efficacy was evaluated at week 2, 10 and 20 after challenge. B) The number of ESAT-6 4-17 -specific CD4 T cells in the spleen was determined by Tetramer pulldown in Mtb (upper panel) and H56 (lower panel) memory mice at week 6, 12 and 40. Symbols, mean ± s.d. of 3-4 mice per time point. For Mtb memory mice, the experiment was repeated twice at week 6 and once at week 12 and 40. For H56 mice, the experiment was repeated twice at week 6 and 12 and once for week 40. C) Representative flow cytometry plots depicting KLRG1, PD-1, ICOS and CXCR3 (wk 40) expression by ESAT-6 tetramerbinding CD4 T cells in the spleen of Mtb (upper panels) and H56 (lower panels) memory mice at week 12 and 40.
compared to the controls ( Fig. 2A) . However, immune protection by natural Mtb memory rapidly declined and was completely lost by 10 weeks post challenge. In contrast, H56/CAF01 vaccination provided sustained protection that despite a narrowed protective window after week 10 of challenge, was still statistically significant up to 20 weeks post infection ( Fig. 2A , 0.5 Log 10 reduction over saline controls P b 0.05, difference between H56 and Mtb memory ns). As lung parenchymal CD4 T cells have been associated with protection to Mtb in mice (Moguche et al., 2015; Sakai et al., 2014; Woodworth et al., 2016) , we enumerated and compared the phenotypes of secondary effector T cells in the lung parenchyma and vasculature of Mtb versus H56 memory mice. Using ESAT-6 4-17 :I-A b tetramer staining together with intravenous (iv) anti-CD45 administration in order to differentiate cells in the lung vasculature (iv+) from cells within the lung parenchyma (iv −), we showed that both Mtb and H56 memory mice had small but equivalent ESAT-6-specific CD4 T cells in the lung vasculature (iv+) prior to infection (Fig. 2B ). These numbers increased in both groups after challenge, but with no significant differences between Mtb and H56 memory mice during the course of infection (Fig. 2B) . In contrast, prior to challenge resting Mtb memory mice had higher, though non-significant, numbers of ESAT-6-specific CD4 T cells in the lung parenchyma (iv −) compared to the H56 memory mice (Fig. 2C , time 0 ns). However at 2 weeks post challenge, both sets of mice had nearly equivalent numbers of ESAT-6-specific CD4 T cells in the lung parenchyma (Fig. 2C ). This indicated enhanced expansion and/or recruitment of cells to the lung parenchyma in especially H56 memory mice. Indeed, the quantitative change in cell numbers within the parenchyma from onset of infection to two weeks post challenge was 1000 fold in H56 memory vs. controls, in contrast to a 10-fold change for Mtb memory (Fig. 2C ). ESAT-6-specific CD4 T cells in the saline control groups progressively increased and were at par with the memory mice at 20 weeks post infection (Fig. 2C ).
Secondary Effectors in the Lungs of H56 Memory Mice are Dominated by IL-2-and IL-17A-producing CD4 T Cell Subsets
We next sought to investigate qualitative differences in secondary effector T cell responses in Mtb and H56 memory mice after Mtb challenge. Based on a link between KLRG1-cells and production of IL-2 and IL-17 (Lindenstrøm et al., 2013; Moguche et al., 2015; Woodworth et al., 2016) , we evaluated the connection between cytokine expression and tissue localization. Using the intravascular labeling technique, IL-2-production was found to be a key characteristic for H56 memory mice in both lung parenchyma and vasculature. Significantly, a majority of CD4 T cells in the lung parenchyma of H56 memory mice were comprised of triple cytokine (IFN-γ, IL-2 and TNF) producing cells, whereas most CD4 T cells in Mtb memory and naïve mice produced IFN-γ and TNF and completely lacked TNF and IL-2 co-producing cells likewise observed in H56 memory mice (Fig. 3) . Hence, b10% of the ESAT-6-specific CD4 T cells in the iv+ compartment were found to express IL-2 in Mtb memory mice, whereas~25% of the cells in the parenchyma were capable of producing IL-2. In H56 memory mice, for comparison, as much as 75% of the cytokine-producers within the lung parenchyma were positive for IL-2 in any combination (Fig. 3) . In addition, H56/CAF01 vaccinated mice had a significant fraction of parenchymal CD4 T cells expressing IL-17A, a cytokine that was barely detectable in Mtb memory or naïve mice (Fig. 3) .
Loss of Protection in Mtb Memory Mice Correlates With Increased Differentiation of Mtb-specific CD4 T Cells in the Lung
T cells with a low to intermediary state of differentiation along the Th1 axis have been shown to be highly protective in mouse models which have been linked to their superior capacity to home to the lung parenchyma (Reiley et al., 2010; Sakai et al., 2014) . Recently it was also shown that KLRG1-CXCR3+ CD4 T cells circulate in higher numbers in H56/CAF01 immunized mice following infection and that these less differentiated cells have the capacity to readily traffic into the Mtb-infected lung parenchyma (Woodworth et al., 2016) . We therefore turned our focus into examining the phenotype of ESAT-6-specific CD4 cells in the lung parenchyma and vasculature following infection/reinfection. In Mtb memory mice, we found that the vast majority (N70%) of ESAT-6-specific CD4 T cells in the lung vasculature were highly differentiated into KLRG1+ cells already 2 weeks into infection. In contrast, a significantly lower proportion of ESAT-6-specific CD4 T cells in the lung vasculature of H56 memory mice expressed KLRG1 during the first 10 weeks of infection (20-40%) (Fig. 4A) . Despite these differences, the proportion of KLRG1 + cells progressively increased during later stages in the H56 memory group, so that by week 20 post challenge, both Mtb and H56 mice had equivalent proportions of KLRG1 expressing cells in the lung vasculature (Fig. 4A) . Even though KLRG1 expression by ESAT-6-specific CD4 T cells in the lung parenchyma was lower in both sets of mice compared to the vasculature, H56 memory mice also had significantly lower KLRG1 expression in the parenchyma compared to Mtb memory mice during the first 10 weeks of infection (Fig. 4A) . Similar to the vasculature compartment, the proportion of KLRG1 + cells in the parenchyma however reached equivalency at 20 weeks post challenge. PD-1 expression was not significantly different Supplementary Fig. 6 . in the lung parenchyma or vasculature of both sets of mice and did not change much within the vasculature. However, its expression showed an equivalent and progressive increase in the parenchyma up to 20 weeks post challenge (Fig. 4B) . A large proportion of ESAT-6 specific iv + cells expressed ICOS early during infection especially in the H56 memory mice, but this proportion dropped from week 2 onwards in both groups (Fig. 4C ). Like PD-1, ICOS expression was more pronounced among lung parenchyma ESAT-6-specific CD4 T cells and the respective proportions of ICOS expressing cells was not different between H56 and Mtb memory in the lung parenchyma (Fig. 4C) . Thus, based on KLRG1 expression levels, secondary ESAT-6-specific effectors in Mtb mice were rapidly driven into a higher differentiation state not only in the lung vasculature, but even within the parenchyma, which is otherwise dominated by KLRG1− subsets. Of note, a high proportion of KLRG1+ cells was observed in Mtb memory mice at week 2, thus preceding the loss of protection in this group. Similarly, the increase in the proportion of KLRG1+ cells seen in late stage infection of H56 memory mice temporarily occurred coincident with the narrowing of the protective window in these memory mice. Antigen availability is a key factor responsible for driving increased differentiation, both during priming of Mtb memory responses, but also for pushing already fully differentiated CD4 T cells into terminal differentiation during subsequent challenge (Moguche et al., 2017) . We therefore compared KLRG1 expression on lung parenchyma ESAT-6-and Ag85B-specific CD4 T cells. ESAT-6 and Ag85B are distinct Mtb antigens that differ in their expression pattern during infection with ESAT-6 being expressed and recognized continuously by cognate cells throughout infection, in contrast to Ag85B that is highly expressed early in the infection but not late (Hoang et al., 2013; Kremer et al., 2002; Moguche et al., 2015; Moguche et al., 2017; Rogerson et al., 2006; Shi et al., 2004) . Ten weeks post challenge; we found that the proportion of ESAT-6-specific CD4 T cells in the lung parenchyma expressing KLRG1 was significantly higher than for Ag85B-specific CD4 T cells in Mtb memory mice (P b 0.01; Fig. 5A ). Indeed, even on a per cell basis, ESAT-6-specific CD4 T cells expressed more KLRG1 than their Ag85B counterparts (P b 0.001; Fig. 5B ). Although at a much smaller scale, a similar trend was also seen between ESAT-6-and Ag85B-specific CD4 T cells in the lung parenchyma populations of H56 memory mice at 10 weeks post challenge (Fig. 5) . Additionally, KLRG1 expression as a proportion of cells and on a per cell basis; was higher for Mtb-specific CD4 T cells from Mtb memory mice compared to H56 memory mice (Fig. 5 ). This was highly significant for ESAT-6-specific cells, but on a per cell basis also seen among Ag85B-specific CD4 T cells in Mtb memory compared to H56 memory mice (P b 0.05, Fig. 5B ). Taken together, this data suggests that the nature of T cells priming (mycobacterial infection vs. subunit vaccination) impacts the differentiation status of T cell memory.
H56/CAF01 Induced Memory Cells Home to the Lung Parenchyma More Efficiently Compared to Memory Cells Generated After Mycobacterial Infections
As ESAT-6-specific memory T cells in Mtb memory mice were more differentiated than those in H56/CAF01 vaccinated mice and seemed to be less efficiently recruited to the lung after Mtb infection, we hypothesized that Mtb-and H56-primed memory cells differ in their inherent capacity to home to the infected lung parenchyma. To formally test this hypothesis, we undertook adoptive transfer experiments, where long-term Mtb and H56 memory CD4 T cells were co-adoptively transferred into the same chronically infected hosts. Although purified CD4 T cells were transferred at the equivalence of 1 to 1 Mtb:H56 memory mice per recipient (a 1:1 ratio), subsequent analysis of the pooled donor cells revealed that these consisted of 63% from H56 memory and 37% from Mtb memory mice, thus corresponding to a 1.7: 1 ratio of E6-specific CD4 T cells from H56 vs Mtb memory mice (Supplementary Fig. 5A ). Based on ESAT-6 4-17 :I-A b tetramer pulldown and intravascular labeling of the recipients, the proportion of donor H56 memory ESAT-6-specific cells that had migrated into the lung parenchyma (iv−) was found significantly higher than that of donor Mtb memory cells (Fig. 6A&B, Supplementary Fig. 5 ). These results indicated an inherent inferior ability of Mtb memory CD4 T cells to migrate into the lung parenchyma. We next speculated whether the limitation of the Mtb memory T cells was related to the presentation of the antigens to the immune system in the context of a live and replicating mycobacteria vs. H56 vaccination, where ESAT-6 and Ag85B antigens are presented in a non-replicating form. As BCG vaccination employs a live attenuated M. bovis strain sharing several characteristics with the real Mtb, we compared the BCG vaccine induced memory CD4 T cells to those of H56/CAF01. We immunized congenically marked mice either with a single dose of BCG, or with three weekly doses of H56/CAF01. As BCG does not contain ESAT-6, we focused on Ag85B for analysis of antigenspecific CD4 T cells. Mice were analyzed at two months post vaccination (for H56/CAF01 this was after the last dose). Both BCG and H56 vaccination induced a population of memory Ag85B-specific CD4 T cells in the lymphoid tissues (spleen and lymph nodes) (Fig. 6C ). Just as in Mtb memory, BCG vaccination induced more expression of KLRG1 compared to H56/CAF01 that hardly induced any KLRG1 expression. Additionally, H56/CAF01 memory cells had a higher expression of PD-1 compared to BCG memory cells (Fig. 6C) , a situation reminiscent of Mtb memory ( Fig. 1C & Supplementary Fig. 2 ). Thus BCG vaccination, just like Mtb, drove memory CD4 T cells to a more differentiated stated compared to H56 vaccination. This trait was also recapitulated when comparing BCG-driven CD4 T cell responses against TB10.4 74-88 to responses after an Mtb infection partially cleared by 6 weeks of INH/RIF treatment in CB6F1 mice ( Supplementary Fig. 3 ). To address the impact on migration and lung homing, we co-transferred H56 and BCG memory cells intravenously into chronically infected, congenically marked host mice. At 18-20 hour post transfer, we assessed their migration into the lung parenchyma using the intravascular labeling technique and Ag85B 280-294 :I-A b tetramers. Similar to Mtb memory cells, we found that BCG memory CD4 T cells had an inferior capacity to migrate into the lung parenchyma compared to H56 memory cells (Fig. 6D) . Collectively, these findings show that both Mtb and BCG primed memory cells are impaired in their ability to migrate into the infected lung parenchyma and suggest an inherent trait of memory responses promoted by their nature of initial priming.
Discussion
A significant proportion of TB patients successfully cured after chemotherapy exhibit recurrent disease. Similar to recrudescence of a latent infection, many of these cases can be ascribed to reactivation of residual bacilli after treatment failure but, especially in high-incidence areas, exogenous re-infections seem to account for a significant proportion of TB recurrence (De Boer & Van Soolingen, 2000; Guerra-Assuncao et al., 2015; Sonnenberg et al., 2001; Uys et al., 2015; Verver et al., 2005) . Such TB patients could simply just be inherently more susceptible, thus exhibiting recurrent infections. However, these observations might also suggest that memory responses after natural exposure provide insufficient protection against recrudescent infection(s) or reinfection(s) with Mtb -either due to lack of T cell epitope reactivity or due to the nature of response. Here we show that ESAT-6 specific CD4 memory T cells generated after an Mtb infection cleared by treatment are fully differentiated along the Th1 axis, and that their protective capacity is inferior to memory cells induced by H56/CAF01 subunit vaccination, which show a lower degree of differentiation. These differences in differentiation state were maintained both in long-term resting memory cells as well as in secondary responses. We thus posit that the degree of differentiation and qualitative responses thereafter are dictated by the nature of initial priming and that live mycobacteria induce inherently inferior memory T cells.
In the present study we confirm earlier observations that less differentiated T cells have an increased ability to migrate into the parenchyma. First, we show that less differentiated ESAT-6 4-17 specific CD4 memory T cells primed by H56/CAF01 vaccination have accelerated recruitment into the lung parenchyma compared to more differentiated memory cells primed by natural infection. This observation is consistent with our recent report demonstrating accelerated parenchymal recruitment of secondary effectors after H56/CAF01 vaccination (Woodworth et al., 2016) . Secondly, using a co-adoptive transfer approach, we directly demonstrate that less differentiated Mtb-specific CD4 memory T cells primed by H56/CAF01 have a selective and significantly enhanced capacity to home to the infected lung parenchyma compared to mycobacteria-primed T cells of a higher differentiation state. The lower recovery of Mtb memory donor cells from the lung compartments of the recipients (relative to the transferred 1.7:1 ratio of ESAT-6 specific H56 memory vs Mtb donor cells) suggests that some of the transferred Mtb memory cells did not reach the lungs and might have homed to sites of disseminated infection. The fact that the majority of ESAT-6 memory cells in both Mtb and H56 memory mice were found to be CXCR3+, suggests that CXCR3 is probably not the main receptor that govern homing to the lung following Mtb infection (Moguche et al., 2015; Sakai et al., 2014) . This advocates for a certain degree of redundancy among chemokine receptors, integrins and adhesion molecules that control entry to the Mtb infected lung parenchyma (Behar et al., 2014; Ghosh et al., 2006) . Factors that control retention and intralesional positioning of T cells within the infected lung parenchyma would however be of equally high importance. Thus, although CD69 and CD103 is primarily known to promote tissue retention under homeostatic conditions (Sheridan & Lefrancois, 2011) , they cannot be precluded to play a similar role for lung tissue retention in the inflammatory settings of a Mtb infection . Likewise, the α1 integrin (CD49a) has been shown to stabilize Mtb granulomas and could therefore play a role for positioning T cells once in the lung parenchyma (Taylor et al., 2008) . In preliminary work, we have found several of these markers useful for delineating iv + and iv − subsets, and future work aim to identify and understand the factors involved in lung parenchymal retention and intra-lesional migration of vaccinepromoted memory cells.
Similar to most mouse studies on the protection against postprimary Mtb infection (Cooper et al., 1997; Henao-Tamayo et al., 2012; Jung et al., 2005; Kamath & Behar, 2005; Mollenkopf et al., 2004) , we found that Mtb memory mice were significantly protected, Fig. 6 . Antigen-specific CD4 T cells primed by mycobacteria are less efficient at migrating into the infected lung parenchyma than cells primed by H56/CAF01 vaccination in co-adoptive transfer experiments. A) CD4 T cells from long term H56 and Mtb memory mice were isolated from spleens and draining lymph nodes (inguinal and tracheobronchial, respectively) by negative selection and differentially stained with CPD450 (H56 memory) and CPD670 (Mtb memory) cell trackers, admixed in a~1:1 ratio and adoptively transferred into recipient mice chronically infected with Mtb for 34 weeks. Location of I-A b :ESAT-6 4-17 -specific cells from each donor origin was assessed 16-18 h post transfer using tetramer-specific pulldown following i.v. administration of anti-CD45 just prior to euthanasia (unperfused lungs). Representative FACS plots showing ESAT-6 specific lung cells after enrichment using I-A b :ESAT-6 4-17 -specific tetramer pulldown. The two plots show the distribution in the lung compartment of ESAT-6 4-17 specific cells originating from Mtb memory donors (left) and H56 memory donors (right). The gate shows the percentage of ESAT-6 4-17 specific cells of Mtb memory vs H56 memory origin within the infected lung parenchyma (iv -ve). Gating as depicted in Supplementary Fig. 5. B but that this protection was lost during later stages of infection. In earlier studies using a similar Mtb memory model, Henao-Tamayo et al. (Henao-Tamayo et al., 2012) showed that natural memory only provided short-term protection to reinfection, when memory mice were challenged shortly after sterilizing chemotherapy. In the current study, where Mtb memory responses were allowed to reach a quiescent, and potentially more protective, state, protection was still short-lived. Hence, whereas H56 memory mediated sustained protection until week 20, Mtb memory mice were only transiently protected, and no significant protection could be detected from week 10 and onwards. Even though H56 memory mice had a superior and longer protective window compared to Mtb memory, this window also progressively narrowed. Prior studies in the Mtb memory model have shown that while the transient period of protection provided was associated with smaller lymphocytic lesions, the loss of protection was accompanied by a concomitant and copious increase in lung damage with extensive foci of inflammation and consolidation (Henao-Tamayo et al., 2012) . In the C57BL/6 or CB6F1 mice, lung histopathology generally correlates closely with bacterial burden (Dietrich et al., 2015) , and subunit vaccines that mediate significant reductions in lung bacterial burden do also protect against progressive pulmonary pathology (Baldwin et al., 2016; Counoupas et al., 2017) . In line with this, we have previously shown that CAF01-adjuvanted preventive vaccination in mice leads to a decrease in neutrophil accumulation and pathology in the lung over non-vaccinated controls (Woodworth et al., 2014) , and H56/CAF01 immunization additionally reduces lung pathology in terms of number of lesions and lesion size when administered during post-exposure settings (Aagaard et al., 2011) & Billeskov et al. submitted . In terms of histopathology, the mouse models possess certain limitations, as Mtb lesions differ from human lung pathology. Importantly, H56 administered in either CAF01 or IC31 as a BCG booster reduced pulmonary pathology and extrapulmonary dissemination in cynomolgus macaques Lin et al., 2012) , where lung pathology closely resembles the histopathological manifestations in man. Likewise, immunization with earlier H-series vaccines have shown to reduce pathology scores in lungs and other organs in NHP models (Billeskov et al., 2013; Langermans et al., 2005) .
Sustained protection against Mtb has previously been linked to a continuous recruitment of less differentiated KLRG1-CD4 T cells with the capacity to produce IL-2 (Lindenstrøm et al., 2013) . Woodworth et al. (Woodworth et al., 2016) recently showed that KLRG1 − CXCR3 + CD4 T cells within the peripheral circulation and lung vasculature represent newly lymphoid emigrants capable of entering the Mtb infected lung parenchyma. A continuous migration of such KLRG1−CXCR3+ cells from the lymph nodes to the lung parenchyma could be a key underlying feature for sustained protection. In our study, we find that highly differentiated KLRG1+ cells dominated the ESAT-6 specific CD4 T cell pool in the lung vasculature of Mtb memory immune animals already early during infection. This could potentially compromise long-term protection due to limited recruitment of less differentiated cells and thus less replacement of terminally differentiated cells within the lung parenchyma. We speculate that a continuous influx of KLRG1− cells could renew the parenchymal T cell population, limit progression to terminal differentiation and thereby prevent terminal exhaustion. The notable increase in iv+ KLRG1+ ESAT-6 specific CD4 T cells in H56 memory mice from week 10 to 20 post infection concomitant with a narrowing of the protective window would be in thread with this interpretation. In addition, significantly more ESAT-6 specific T cells were KLRG1 − among the iv + cell pool during the first 10 weeks of infection in H56 memory mice compared to Mtb memory immune mice, where protection failed. Interestingly, the dominance of less differentiated secondary effectors in the lung vasculature of H56 memory mice was directly mirrored by their increased capacity to produce IL-2, consistent with findings that KLRG1−/less differentiated CD4 T cells are the main producers of IL-2 (Torrado et al., 2015; Woodworth et al., 2016) . IL-2 producing CD4 T cell subsets were generally more frequent among the less differentiated parenchymal cells and again found to be much more dominant in the H56 memory mice. Terminal differentiation of the parenchymal CD4 T cells in Mtb memory mice was reflected by the fact that much fewer cells produced Th1 cytokines (incl. IFN-γ) in response to ESAT-6 1-15 stimulation, suggestive of partial exhaustion, which might have contributed to the lack of containment. On a phenotypic level, the early loss of protection seen in Mtb memory mice was associated to high differentiation of primarily ESAT-6-specific, but also to some extent Ag85B-specific, cells within the parenchyma. This was manifested as significantly increased levels of KLRG1 expression, both in terms of the proportion of parenchymal cells as well as on a single cell level as compared to H56 memory mice. Our studies therefore suggest that differences in addition to parenchymal trafficking and quantity play a significant role, which may overcome trafficking and quantitative advantages. For instance, Mtb memory mice had significantly more ESAT-6 specific cells in the parenchyma than naïve mice at week 10 -yet these cells did not mediate protection. In addition, both Mtb and H56 memory had equivalent total numbers of ESAT-6-specific CD4 T cells in the lung parenchyma 10 weeks post challenge, yet H56 memory mice harbored~5 times less bacteria compared to Mtb memory mice. Indeed, the significance of this finding is striking since at 2 weeks post infection, both groups had the same level of protection, despite Mtb memory mice started with more memory cells (though ns) in the lung parenchyma than H56 memory mice. Part of the explanation is likely due to the accelerated migration by H56 memory cells, leading to equivalency by week 2. However, this also underscore that qualitative differences in parenchymal T cells (e.g. cytokine production, parenchymal retention and positioning), might be similar or even more critical than the per se migration into the parenchyma. This would be in line with very recent data from Rhesus macaques, showing that in this model of non-chronic TB, positioning of CXCR3 + CXCR1-PD-1 hi CTLA + parenchymal CD4 T cells relative to granulomatous lesions play a more important role than the actual extravasation to the parenchyma . ESAT-6 specific CD4 T cells in the lungs of Mtb infected mice exhibited extensive contraction within the first 6 weeks of INH/RIF treatment. This is in accordance with the notion that KLRG1+ T cells are not selfrenewing (Reiley et al., 2010) and undergo extensive attrition shortly after transfer into uninfected hosts (Moguche et al., 2015) . At first sight, the sustainment of KLRG1 + cells at week 40, long after EoT, seems at odds with a T cell population that requires antigen for its survival. This suggests that treated Mtb memory mice harbor remaining antigen derived either from dead bacteria or from dormant/uncultivable bacteria. Such non-resolved antigen could sustain the survival of KLRG1 + CD4 T cells, but potentially also render memory formation dysfunctional in the Mtb memory mice. In contrast, PD-1 + memory cells are known to survive in the absence of antigenic stimulation, but require ICOS-ICOSL interactions for their survival (Moguche et al., 2015) . However, although most H56 memory cells expressed PD-1 and ICOS during the first several weeks after priming, most H56 memory cells had lost expression of these markers at week 40. In accordance, although Mtb-primed CD4 T cells were sustained after transfer into uninfected wt mice, most cells lost PD-1 expression within 4 weeks (Moguche et al., 2015) . Hence, PD-1 expression on memory cells might not be stably expressed during quiescent, homeostatic conditions. In line with this, signaling through the ICOS-ICOSL axis was essential for memory formation, but dispensable for survival of, CD4 T CMs in a Listeria monocytogenes infection model (Marriott et al., 2015) .
T cell priming critically depends on antigen affinity, dose and duration, which are all known to impact the imprint and differentiation state of the ensuing memory responses (Blair et al., 2011; Keck et al., 2014) . Continuous (e.g. Mtb infection), or protracted (as presented by BCG), antigen exposure is thus a central factor for driving terminal differentiation of Mtb-specific CD4 T cells. For instance Ag85B, expressed at low levels during chronic Mtb infection, renders Ag85B-specific CD4 T cells less terminally differentiated than ESAT-6-specific CD4 T cells (e.g. Fig. 5) (Moguche et al., 2017) , whereas infection using a recombinant Mtb with forced constitutive expression of Ag85B has been shown to drive Ag85B specific cells to terminal differentiation at levels similar to their ESAT-6 counterparts (Moguche et al., 2017) . Antigen dose during vaccination not only affects the magnitude of CD4 T cell responses ), but also their differentiation state, with higher doses leading to increased function differentiation of CD4 T cells in QTF +ve individuals (Moguche et al., 2017) . Likewise, increasing the H56 dose in preventive immunization of mice leads to priming of CD4 T cells with higher KLRG1 expression (J. Woodworth Unpublished, Pers. Comm.). In addition to Ag-availability, factors such as TCR affinity (Baumgartner et al., 2012) , co-stimulatory receptors (Kawalekar et al., 2016) as well as the cytokines present during priming (Au-Yeung et al., 2017; Schluns & Lefrancois, 2003) all play a distinct role for imprinting T cells of a given differentiation state. Hence, T cell differentiation state is in part controlled by graded T-bet expression, which to a large extent is dictated by the nature of inflammation during the priming process (Joshi et al., 2007) . In preliminary studies, we find that increasing the inflammatory potential of CAF01 by addition of Poly I:C and CpG, leads to priming of CD4 T cells with higher KLRG1 expression (unpublished data). ESAT-6 specific CD4 T cells in mice with IL-27RA deficiency was in contrast shown to exhibit lower T-bet expression and less transition into KLRG1+ subsets after Mtb infection and similarly, T-bet haploinsufficiency prevented the differentiation to KLRG1+ subsets (Torrado et al., 2015) . Furthermore, downstream signaling through the IL-12/23p40 axis was recently shown to regulate T-bet expression in primed T cells, and influenced both terminal differentiation and lung localization during Mtb infection . Live Mtb and BCG could additionally be expected to be taken up by different DC subsets compared to subunit vaccines administered by the s.c. route leading to priming of T cells that differ in chemokine receptor expression patterns and thus tissue homing properties. Whereas DC subsets and tissue tropic signals such as retinoic acid and vitamin D3 has been identified for the imprint of gut and skin homing T cells subsets respectively, less is however known regarding the signals that imprint T cells with tropism for the lung (Baaten et al., 2013) . The integration of all these signal during primary T cell activation determines unique and long lasting T cell differentiation programs that are maintained during recall responses (Keck et al., 2014) . Through epigenetic regulations, activated, poised vs repressed gene expression patterns are retained in the descendants of such memory cells, and the phenotype of secondary effectors may therefore to some extent be defined already during the initial priming (Weng et al., 2012) .
CAF01-adjuvanted subunit vaccines induce a diverse range of T helper cells including bona fide Th1 cells (T-bet + CXCR3 + ), Th17
(Ror-γt + ) and T FH (CXCR5 + PD-1 + Bcl-6 + ) as well as T helper cells that co-express multiple T-cell lineage-specifying transcription factors (Prota et al., 2015) (& not published). CAF01 primed CD4 memory T cells are characterized by a large capacity for IL-2 and IL-17 production (Knudsen et al., 2016; Lindenstrøm et al., 2009; Lindenstrøm et al., 2012) , and share a number of features with T FH -like cells. Such T FH -like properties have been linked to improved Th1 maintenance and protection against Mtb challenge (Moguche et al., 2015) as well as to the generation of long-lived T CM (Pepper et al., 2011) . BCG and Mtb infection share a number of features in T cell priming, including sustained Ag-availability and inflammatory signaling that ultimately leads to induction of fully differentiated Th1 cells with high T-bet expression. Similar to earlier reports (Lindenstrøm et al., 2009; Nandakumar et al., 2014) , we found that BCG imprints vaccine responses with several features of the response driven by the real Mtb infection. Hence, BCG promoted Ag85B-specific CD4 T cells were more differentiated along the Th1 axis compared to H56/CAF01 immunization. Analogous to the Mtb-driven ESAT-6 memory responses, BCG promoted Ag85B specific cells were significantly impaired in migrating into the Mtb infected lung parenchyma in co-adoptive transfer experiments with Ag85B specific cells primed by H56/CAF01. Ultimately this suggests that CD4 memory T cells primed by mycobacteria could be inherently impaired due to their high differentiation state, not only in terms of their lung migratory capacity, but also qualitatively once in the parenchyma. This needs to be accounted for in the development of novel vaccines to ensure priming of memory responses capable of generating secondary effectors with a strong lung homing capacity that can mediate durable protection against infection with Mycobacterium tuberculosis.
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